Macrophages are important cells of the innate immune system. They exhibit a high plasticity in phenotypes and play a major role in healing by initiating the early inflammatory reactions via the pro-inflammatory M1 phenotype. The anti-inflammatory M2 phenotype is assumed to induce regenerative processes and vascularization in subsequent tissue repair. Especially for regenerative processes, their interplay with multipotent human mesenchymal stromal cells (hMSCs) is decisive. Accordingly, in vitro co-culture models of these cell types are an important starting point for unraveling regenerative mechanisms. In our study, we compared direct co-culture, transwell-systems, and the use of conditioned medium to investigate the mitochondria transfer between the two cell types and the influence of hMSCs' presence on the phagocytic activity of macrophages. Using flow cytometry and fluorescence microscopy, we visualized the transfer of mitochondria in both directions: from hMSCs to macrophages and most notably also vice versa. Both cell types release mitochondria and internalize them in direct contact via tunneling nanotubes, as well as in indirect contact due to extracellular vesicles (EVs). Mitochondria were non-directionally released into the medium and could be transferred via conditioned medium. After three hours of direct and indirect co-culture, the majority of the cells showed a mitochondrial uptake. Co-cultivation also led to an increase of phagocytic activity of macrophages, with the highest phagocytic rate after 48 h and most pronounced in direct co-cultivation.
Introduction
Human monocyte-derived macrophages are important immune effector cells of the innate immune system. In addition to their function as first defense against microorganisms, they also serve to initiate and control the adaptive immune response [1] . They react specifically to alterations in their environment as well as on cell signals and are divided into the pro-inflammatory M1 and the anti-inflammatory M2 type [2] . Influenced by other cell types or implanted biomaterials they are able to switch between the differentiation types [3] , [4] .
Human mesenchymal stromal cells (hMSCs) are multipotent adult stem cells that can be isolated from several tissues. They reflect immune-modulatory properties, as they secrete chemotactic peptides and can change the macrophage phenotype into an anti-inflammatory M2-like type [5] , [6] , [7] , [8] . Furthermore, their stimulatory effect on phagocytic activity, a main characteristic of macrophages, has been reported [8] . This process leads to internalization and killing of entering pathogens, removal of foreign particles or clearing of cell debris by macrophages, which is important for host homeostasis [1] . Moreover, specific populations of bone and bone marrow resident macrophages with very remarkable plasticity have been recently described to substantially contribute to bone healing and regeneration. Upon tissue injury, both hMSCs and macrophages display several roles in the inflammatory and regenerative phases of healing as well as in the remodeling phases, during which tissue regeneration takes place. In the very early phase of bone healing resident macrophages have even been demonstrated to be involved in efferocytosis, the removal of dying osteoblasts [5] , [6] . Besides neutrophils and mast cells, such tissue resident macrophages belong to the first cells that enter the wound site. There, they release chemokines for monocyte attraction, which subsequently differentiate into new macrophages and become part of the inflammatory processes [7] , [8] . HMSCs are activated through juxtacrine secretion of cytokines such as IL-6 [9] , migrate to the wound site and regulate the inflammation by immunomodulatory functions, like suppression or production of chemokines [10] , [11] . Due to the release of growth factors, hMSCs recruit other cell types like parenchymal cells, endothelial cells or fibroblasts, which start to proliferate in the wound area [12] . Later in the remodeling phase, macrophages can switch from the M1 into the M2 type [3] . Together with hMSCs that differentiate into different cell types depending on the environment, they take part in tissue regeneration.
After implantation of biomaterials, the implant often gets encapsulated and separated from the host tissue during inflammation/regeneration phases (foreign body reaction) [13] , [14] . Since macrophages and hMSCs are important cells for tissue regeneration processes, co-culture models of both cell types are often used to analyze reactions caused by specific biomaterials or environmental factors [12] , [13] . In addition, in vitro co-culture systems are important for analyzing the direct influence of one cell type to another to mimic in vivo conditions and thus supporting the understanding of in vivo processes. There are three different options for performing co-culture systems. Via direct co-culture, it is possible to investigate the mutual interactions of cell populations in the same culture plate. Here the impact of direct contact and soluble non-directional components, respectively, cannot be distinguished. In a transwell-system, the cell populations are separated by a membrane, so exchange effects of soluble factors can be examined as cells have no direct contact but are cultivated in the same culture medium [15] . By means of conditioned medium, the influence of spontaneously secreted factors onto a second cell population can be examined.
HMSCs are known to release mitochondria to increase ATP levels or to enhance phagocytic activity of alveolar macrophages [16] . They can also manage oxidative stress by depolarized mitochondria. The transfer of mitochondria can be achieved either by encapsulation in extracellular vesicles (EVs) or via so-called tunneling nanotubes (TNTs), which are tubular connections between cells [17] , [18] , [19] . The formation of nanotubes has also been described for macrophages. Here, they enable vesicular traffic to neighboring cells to induce the phagocytosis of apoptotic cells [20] , [21] . However, the transfer and exchange of mitochondria by TNTs or other intercellular transport routes from macrophages to other cells is so far largely unexplored.
In the present study, we investigate the interactions and modes of communication between hMSCs and macrophages via different co-culture systems. We use flow cytometry and fluorescence microscopy as characterization methods. Especially the analysis via fluorescence microscopy can be further used for co-culture studies on biomaterials and in 3D cultures. If the effect of eluates of biomaterials on the co-culture of macrophages and hMSCs is to be investigated, the analysis can also be carried out using flow cytometry. We analyzed the transfer of mitochondria from macrophages to hMSCs and vice versa as well as the influence of hMSCs on the phagocytic activity of macrophages.
Results

Flow cytometry analysis of mitochondrial uptake a昀ter direct and indirect co-culture
To investigate the cell-cell contact during the co-culture of macrophages and hMSCs we examined mitochondrial transfer from one cell type to the other via flow cytometry and fluorescence microscopy. Therefore, one cell-type was stained with MitoTracker ® Red, which is incorporated into the mitochondria of these cells. Once mitochondria are released or transferred through direct cell-cell contact, the dye sequestered in the cell organelle can be delivered to other cells. This mitochondrial uptake was analyzed by flow cytometric quantification. To distinguish macrophages from hMSCs after direct co-culture, macrophages were gated by positive CD45 staining using a specific, FITC-labeled antibody. After 3 h of direct co-cultivation, 100% of the hMSCs population was positive for macrophage mitochondria and nearly 96% of the macrophage population showed an uptake of mitochondria derived from hMSCs. After 24 h these uptake rates remained stable in both investigated cell types ( Figure 1 ). We also detected mitochondrial transfer without direct cell-cell contact through conditioned medium. For this purpose, the cells were cultivated separately for 24 h before the conditioned culture medium was interchanged (Figure 2) . Here, the mitochondrial uptake was less pronounced compared to the direct co-culture but still increased during 24 h of exposure to conditioned medium up to 72% for hMSCs and 61% for macrophages. Via the transwell system no mitochondrial transfer, neither originating from macrophages nor from hMSCs, was detectable (data not shown). 
Microscopic analysis of mitochondrial transfer in direct and indirect co-culture
For visualization of mitochondrial transfer, one cell type was stained with Cell Tracker ® Green (CT-green) and the other one with MitoTracker ® Red (MT-red). Therefore after co-culture, green fluorescent cells have not internalized mitochondria from the other cell type, while double-stained cells (green and red fluorescent) reflect cells after mitochondrial uptake from the respective other cell type ( Figure 3A and B). After 3 h of direct cocultivation, most of the cells stained with CT-green possessed double staining in consequence of mitochondrial uptake. Fluorescence microscopy visualized mitochondria transfer by direct cellular extensions, tunneling nanotubes (TNTs), from one cell type to the other ( Figure 3A and B) and by release of extracellular vesicles (EVs), which apparently contain mitochondria ( Figure 3C and D) . We could show that TNTs, starting at macrophages or hMSCs, contain small red fluorescent particles, when cells were stained with MT-red. These TNTs connect different cell types ( Figure 3A and B arrows) as well as cells from the same type.
The isolated EVs show red fluorescent mitochondria, when the cell culture medium is taken from cultivated cells stained with MT-red. In cell culture medium from unstained cells ( Figure 3E ) and cell culture medium, which contains MT-red (data not shown) but was not in contact with macrophages or hMSCs, no red fluorescent particles were found. Hence, the staining originates from released mitochondria.
Scanning electronic microscopy of TNTs and EVs
For better visualization of TNTs and EVs of macrophages and hMSCs, scanning electron microscopic images were taken (Figure 4 ). Macrophages and hMSCs were both, co-cultured and mono-cultured. The formation of TNTs was demonstrated for macrophages and hMSCs, respectively ( Figure 4A ). TNTs reach a length of up to 150 μm and a diameter of approximately 0.5-1 μm. After isolation of EVs from the cell culture supernatant of each mono-cultivation, small particles (approx. 1 μm) with a membrane-like structure were observed ( Figure  4B ). 
Inflluence of co-culture on phagocytic activity of macrophages
To analyze the alteration of phagocytic activity of macrophages during co-cultivation with hMSCs, redfluorescent latex beads with a size of 2 μm were used. The effects on phagocytosis were examined after direct contact co-cultures as well as after cultivation in the transwell system and conditioned medium, respectively. The beads were added to macrophages in the different co-cultivation set-ups (direct co-culture, conditioned medium, and transwell system with hMSCs on the transwell membrane, respectively) or to the control macrophages after several time points (3, 24, 48 , 72 h) of co-cultivation. During this process, a strong increase in phagocytic activity especially during direct co-culture ( Figure 5 ) was observed. Also, indirect co-culture by either conditioned medium or in the transwell system showed an increase of up to eight-and four-fold, respectively, compared to mono-cultivated macrophage control. The strongest effect on phagocytosis was detected after 48 h of direct co-cultivation, exceeding the uptake rate of cytokine-induced M1 and M2 differentiated macrophages in single cell type cultivation. After 72 h of co-cultivation, the phagocytic activity was comparable to control macrophages. Figure 5 : Effect of hMSCs on macrophage phagocytic activity (n = 2). Macrophages show an increase in phagocytosis of 2 μm sized latex beads after co-cultivation, either via direct co-culture (dcc), conditioned medium (cm), or in a transwell (tw) system (pore sizes: 0.4 μm; 1 μm) with hMSCs compared to mono-cultivated M0 macrophages. For comparability, induced M1 and M2 macrophages were also tested for phagocytic activity. The phagocytic rate was increased after cocultivation for 48 h with values up to 18-fold in direct co-culture. After 72 h, the phagocytosis rate decreased to the level of unstimulated macrophages.
Discussion
In the present study, we demonstrated the bidirectional mitochondrial transfer between macrophages and hMSCs after co-cultivation and the increase of phagocytic activity of macrophages under these culture conditions.
It was shown, that the transfer of mitochondria was achieved by at least two different mechanisms: the transfer via EVs and TNTs, respectively, originated from hMSCs [17] , [18] , [22] as well as from macrophages. Mitochondrial transfer has been correlated in other studies for hMSCs with respiratory defects of cells where the donated intact or additional mitochondria support damaged cells [17] , [18] . Our results uncovered mitochondrial transfer between different cell types also via indirect mechanisms without specificity for target cells. As we demonstrated the presence of mitochondria-containing EVs by means of fluorescence microscopy, the conditioned medium provided by one cell type, resulted in the uptake of mitochondria into acceptor cells by these vesicles (Figure 3C and D) . The mitochondria exchange took place very quickly. Within 3 h of co-cultivation nearly all primarily unstained cells showed MT-red fluorescence ( Figure 1 and Figure 2 ). This indicates rather an untargeted transmission and a general cell-cell communication than a cell-specific transfer.
In contrast to previous studies, which investigated the mitochondrial transmission of hMSCs only [17] , [22] , we were additionally able to detect a transfer originating from macrophages. The reasons behind the transport of mitochondria from macrophages to hMSCs needs further examination. One possible reason might be the acceleration of the inflammation reaction by exchanging information via mitochondria.
As opposed to other studies [17] , who discovered the mitochondrial transfer from hMSCs to macrophages via the transwell system, we did not detect this effect in our experiments with pore sizes of 0.4 μm and 1 μm. The mentioned study lacks information about the pore size of the transwell system. Hence, larger pores might facilitate the transfer of mitochondria from the upper compartment to the lower one and therefore rather resemble our set up with conditioned medium.
As we have proven the exchange of mitochondria, it is most likely that also signaling molecules or other organelles can be exchanged, which may lead to an enhanced reaction of hMSCs and possibly other cells in the surrounding tissue. Thus, the investigation of mitochondrial transfer can be used for the examination of cell-cell communication and interactions between macrophages and hMSCs.
For better visualization of TNTs and EVs we used scanning electron microscopy ( Figure 4 ) and detected both types of structures arising from both, macrophages and hMSCs. Two different sorts of TNTs have been described, one with a diameter of up to 0.7 μm the other one with larger diameters (>0.7 μm) [23] . Via the latter, cells can transport compartments of the cytoplasm and hence organelles like mitochondria [23] . We detected such TNTs with a diameter of up to 1 μm emanating from macrophages and hMSCs. Moreover, SEM images of pelleted EVs demonstrated small particles surrounded by a membrane-like structure with a size of 1-2 μm as shown in other studies [24] . Thus, these vesicles may enable the indirect transfer of mitochondria.
To monitor a biological effect of hMSC communication to macrophages, the phagocytic activity was used as a read out. Phagocytic activity of macrophages is a reaction against host pathogens, which are internalized and disposed of by this mechanism [25] . In our study, phagocytosis was increased during co-cultivation of hMSCs with macrophages ( Figure 5 ). The impact of hMSCs on macrophages and their phagocytic activity has already been shown in other studies [26] . Besides the known effects of direct contact as shown by these authors, we additionally demonstrated an effect of soluble factors either in a transwell system or the application of conditioned medium, which was generated from hMSC mono-cultures. Our results show that in direct co-culture, macrophages displayed the highest increase of phagocytic activity, up to 11-fold compared to mono-cultivated M0 macrophages. This increase was achieved solely by co-cultivation with hMSCs without any differentiation factors provided to the macrophages, i.e. the presence of hMSCs was sufficient for this effect. Interestingly, the effect of hMSCs on macrophage phagocytosis exceeded the uptake rate of cytokineinduced M1 and M2 macrophages, respectively. Via indirect mechanisms, the increase in phagocytic activity was less pronounced than by direct co-cultivation, but still up to six-fold higher compared to unstimulated control cells and hence approximately at the level of cytokine-induced M1 macrophages. These results suggest that the more pronounced the contact between macrophages and hMSCs becomes, the higher is the resulting phagocytic activity. The highest value for phagocytic activity was achieved after 48 h both, by direct and indirect co-cultivation. We also showed that after 72 h of co-cultivation, the phagocytic activity declined to the level of unstimulated macrophages. Therefore, we assume that after this time, the reaction by the in vitro co-culture between hMSCs and macrophages was completed.
To conclude, we discovered that mitochondrial transfer did not only occur from hMSCs to macrophages but also vice versa and that this process was not restricted to direct contact between the cell types. Moreover, the increase in phagocytic activity of macrophages stimulated by hMSCs did not require direct contact, indicating a kind of paracrine mechanism.
Both, the evaluation of mitochondrial transfer and the phagocytic activity assay, are feasible and reliable methods for the analysis of cellular communication and interactions, which enable examinations on several biomaterials besides protein or RNA analysis methods. The mitochondrial transfer, especially by macrophages due to direct and indirect mechanisms, needs further investigation to understand the underlying process and subsequent impact. HMSCs from trabecular bone were isolated from the femoral heads of patients undergoing total hip arthroplasty via plastic adherence and regularly verified due to their differentiation potential into osteoblasts and adipocytes [27] . 
Materials and methods
Cell culture
Co-culture experiments
Three different experimental set-ups were used to analyze the influence of macrophages and hMSCs to each other. For experiments with conditioned medium, macrophages and hMSCs were cultivated separately in macrophage culture medium. After 24 h, the conditioned medium of each cell type was collected, centrifuged (4000 rpm, 10 min, 20 °C) and supplied to the other cell type for further experiments. For co-cultivation experiments in different transwell systems [ThinCert™, Greiner Bio-One, Kremsmuenster (D), 0.4 μm and 1 μm pore size], monocytes were isolated and cultivated for 3 days in macrophage culture medium in a well plate/transwell membran. HMSCs (ratio 1 : 4) were then added to the macrophages in the same medium in a transwell membran/well plate on day four for a co-culture period up to 3 days. To investigate direct cell contact effects, monocytes were cultivated for 3 days after isolation in macrophage culture medium and then enriched with hMSCs (ratio 1 : 4) and co-cultivated for up to 3 days. 
Mitochondrial transfer
Isolation of extracellular vesicles (EVs)
EVs were isolated with total exosome isolation reagent (from cell culture medium) [Thermo Fischer Scientific, Dreieich (D)]. For this purpose, macrophages and hMSCs, respectively, were stained with MitoTracker-red and cultured for 24 h in macrophage cultivation medium. Culture medium was collected and processed according to the manufacturer's instructions. The obtained pellet was resuspended in 50 μL of PBS − and examined for red fluorescent mitochondria in these vesicles by fluorescence microscopy. Culture medium from unstained cells as well as culture medium supplemented with MitoTracker-red (without cell contact), served as negative controls.
Scanning electron microscopy
For sample preparation, macrophages and hMSCs were co-cultivated for 24 h on polystyrol coverslips. The pellet of isolated EVs was smeared on glass coverslips. Specimen were fixed for 30 min in 6% glutaraldehyde 
Phagocytosis assay
Phagocytic activity of macrophages was analyzed using 2 μm sized, red-fluorescence labeled latex beads [Sigma-Aldrich, Munich (D)]. Beads were opsonized in pooled human serum for 30 min prior to addition to macrophages in a ratio of 10 beads per cell and incubated in a humidified atmosphere for two hours at 37 °C and 5% CO 2 . Cells were washed three times with serum-free macrophage culture medium to remove nonphagocytosed beads. For cell counting the cell nuclei were stained with the DNA dye Hoechst 33342 [SigmaAldrich, Munich (D)]. Bead uptake and cell count was analyzed by use of an inverted fluorescence microscope (Axio Observer, Zeiss equipped with epi fluorescence optics and a black/white AxioCam MRm). Cells and phagocytosed beads were counted using image J software (NIH, Bethesda, USA). For each experimental setting, 10 random pictures with 10× magnification were exploited. Phagocytosed beads for each experimental setting were normalized to 5000 cells.
